Abstract | Traumatic brain injury (TBI) has long been recognized to be a risk factor for dementia. This association has, however, only recently gained widespread attention through the increased awareness of 'chronic traumatic encephalopathy' (CTE) in athletes exposed to repetitive head injury. Originally termed 'dementia pugilistica' and linked to a career in boxing, descriptions of the neuropathological features of CTE include brain atrophy, cavum septum pellucidum, and amyloid-β, tau and TDP-43 pathologies, many of which might contribute to clinical syndromes of cognitive impairment. Similar chronic pathologies are also commonly found years after just a single moderate to severe TBI. However, little consensus currently exists on specific features of these post-TBI syndromes that might permit their confident clinical and/or pathological diagnosis. Moreover, the mechanisms contributing to neurodegeneration following TBI largely remain unknown. Here, we review the current literature and controversies in the study of chronic neuropathological changes after TBI.
Introduction
Compelling epidemiological evidence indicates that a single moderate to severe traumatic brain injury (TBI) is associated with increased risk of development of progressive disorders of cognitive impairment leading to dementia. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Each year in the USA alone, over 1.7 million people sustain a TBI, of which approximately one-quarter are moderate or severe. 12 As such, TBI represents a leading cause of disability, particularly in the young, 12 and approximately 5.3 million US citizens are currently living with long-term TBI-associated disabilities. 13 Despite these substantial numbers, comparatively little is known about the chronic pathologies of TBI and how they might contribute to the later onset of neurodegenerative disease.
Over 85 years ago, the eminent pathologist Harrison S. Martland made careful observations on the 'punchdrunk' syndrome, describing chronic motor and neuropsychiatric symptoms in former boxers.
14 Through the decades that followed, further case reports and series emerged, indicating that repetitive TBI from boxing might induce a chronic and potentially progressive neuropsychiatric disorder with a neuropathological basis, [15] [16] [17] [18] termed 'dementia pugilistica' by Millspaugh. 15 However, little interest was expressed in understanding this disease further until observations emerged of similar neuropathological findings in case series and reports of non-boxing individuals exposed to repetitive mild TBI, including former participants in contact sports other than boxing (American football, ice hockey and wrestling [19] [20] [21] [22] [23] [24] [25] [26] [27] ) and military personnel, [26] [27] [28] and in historical reports of non-sports-related repetitive head injury. [29] [30] [31] With the appreciation that the pathology was not restricted to boxing, or 'pugilism' , the term 'chronic traumatic encephalopathy' (CTE) was introduced to reflect increasing descriptions of the pathological features in a wider range of exposure situations. This term is now widely accepted in preference to dementia pugilistica, and will be used in the remainder of this article. Not surprisingly, the recent intense media attention on CTE in contact sports participants and war veterans has spawned considerable public concern. However, it is rarely noted that the actual number of purported CTE cases described in the literature is remarkably limited. Moreover, no opera tional criteria are currently available to confirm either a clinical or a pathological diagnosis of CTE. Indeed, the features that constitute CTE as a distinct disease entity have yet to be defined. Nonetheless, since this term has become so widely used, it is important to review current understanding of the pathology of 'CTE' , as well as limitations in existing studies and potential avenues for advancement of the field.
TBI as a risk factor for dementia
Repetitive mild TBI Though long acknowledged anecdotally, Martland's description in 1928 14 of the punch-drunk syndrome in boxers provided the first formal account of the chronic neuropsychiatric sequelae of repetitive head injury, with multiple other reports following in the ensuing years. 15, 16, 32, 33 In 1969, Roberts assessed 224 randomly selected professional boxers and demonstrated that 17% displayed a "relatively stereotyped" clinical picture, impairment. Subsequent work offered a potential doserisk association, with increased exposure to TBI from boxing linked to increased risk of later impairment, measured either as radiologically identified structural changes 35 or clinical evidence of neurocognitive impairment. 36 In keeping with this model, limited evidence suggests that amateur boxers have a lower risk of developing dementia pugilistica than their professional c ounterparts 37 -an observation supported by neuropathological data, although the number of cases described is small. 18 Recent studies indicate that the link between repetitive head injury and long-term neurological impairment is not solely the preserve of boxing, with earlier onset of Alzheimer disease (AD) 38 and higher "neurodegenerative mortality" reported in former National (American) Football League players. 39 To date, there have been 94 reported autopsy cases in non-boxers exposed to repetitive head injury-66 athletes (58 American football players, five ice hockey players and three wrestlers [19] [20] [21] [22] [23] [24] [25] [26] [27] ) and 23 military personnel with or without a history of contact sport [26] [27] [28] -in which supportive neuropathological changes were present. Where recorded, the clinical symptoms included neuropsychiatric and behavioural problems, including emotional lability, aggression, poor judgment, depression, suicidal ideation and, in some instances, suicide. Impairments of memory and cognitive function were also reported in several cases.
Notably, although precise numbers are not available, descriptions of motor symptoms in non-boxer athletes are infrequent. This contrasts with studies on boxers, in whom motor, parkinsonian and cerebellar symptoms are commonly reported. However, whether this observation reflects a less severe manifestation, an earlier time point or, indeed, a different clinical pheno type, is not clear. Moreover, the symptomatology described thus far in non-boxer athletes may also reflect the nature of case selection, which in many instances has been achieved via outreach following media attention around notable high-profile early deaths. As such, the incidence of symptoms such as suicidality, emotional lability, aggression and dis inhibition may be skewed. In addition, in many cases, details of clinical features were ascertained retrospectively, via interviews with relatives and contacts, which may further confound the results.
Key points
■ Traumatic brain injury (TBI) represents the strongest environmental risk factor for dementia ■ Current evidence indicates a possible 'dose' and frequency-dependent association between TBI and risk of neurodegenerative disease ■ The human pathology of survival from TBI is best described as a 'polypathology', featuring amyloid-β, tau and TDP-43 pathologies, together with white matter degradation, neuronal loss and neuroinflammation ■ The chronic pathologies following single and repetitive injuries show similarities, although comparative studies are lacking at present ■ TBI may offer an opportunity for better understanding of the evolution of pathologies in a wider range of neurodegenerative diseases ■ There is an urgent need to extend existing tissue banks dedicated to TBI and establish further networked archives to provide broad international research access
Single TBI Data from several studies suggest that a history of just one moderate to severe TBI is an important risk factor for the later onset of dementia, 1-10 although a number of other epidemiological studies have failed to confirm such an association, [40] [41] [42] [43] [44] [45] [46] [47] [48] perhaps reflecting the retrospective nature of many reports, with potential for recall bias. More-recent prospective studies, 9 however, have led to a general acceptance that TBI is a risk factor for dementia. 11 Indeed, evidence has emerged not only of a link between TBI and dementia, but also in support of a 'dose-response' relationship, with risk of dementia being increased in severe compared with moderate TBI survivors, 9 and where there is a history of loss of consciousness compared with no loss of consciousness. 7 Furthermore, data suggest that a history of TBI might accelerate the onset of disease. 8, [49] [50] [51] That TBI represents a major risk factor for the later development of neurodegenerative disease is now accepted. However, a consequence of the largely retrospective and serendipitous, observational studies in repetitive and single TBI to date is that a considerable number of questions remain unanswered, not least of which is the prevalence of TBI-related dementia in the population. Furthermore, while TBI-associated dementia is often reported as Alzheimer's in type in the literature, it is unclear at this stage whether patients with a history of head injury instead develop a clinical phenotype of dementia distinct from 'typical' AD. In addition, potential ancillary factors that could contribute to the risk of chronic neurodegeneration after either single or repetitive TBI, such as the mechanism and pathological consequences of acute injury, potential genetic predisposition, and sex or age differences, are largely unknown. Indeed, the possibility remains that certain individuals may be 'resistant' to developing dementia following TBI; certainly, not all boxers go on to develop dementia, despite repetitive injury.
The chronic neuropathologies of TBI
While various clinical descriptions of boxers were reported following Martland's initial account in 1928, it was not until 1954 that Brandenburg and Hallervorden provided the first detailed case report of the neuro pathology of CTE. 52 Over the next two decades, only a further eight cases were reported by multiple groups, 17, 32, [53] [54] [55] [56] and although many of these reports described shared neuropathological features, speculation remained as to whether the findings could reliably be attributed to boxing.
Such concerns were assuaged with the publication of a landmark case series by the eminent London pathologist John A. N. Corsellis, who performed a detailed examination on the brains of 15 former boxers, with retrospectively collected clinical and boxing histories obtained from informants. 18 From these observations, and knowledge of existing reports, Corsellis and colleagues outlined the neuropathological findings that comprise the main features of CTE. Although these findings have been described in multiple subsequent reports, this original report remains the seminal neuropathological description of the sequelae of repetitive TBI. Importantly, on the basis of these data and further studies in both repetitive and single injury, we now recognize that the human neuropathology of TBI survival has many facets (meriting the descriptor 'polypathology'), which are presumed to underlie the clinically described neurodegenerative disease. In this section, we will review the currently recog nized chronic pathologies of single and repetitive TBI in humans. A summary of the published observations on the pathology of CTE arising as a result of presum ed re petitive injury is provided in Table 1 .
Gross pathological features

Brain atrophy
Brain atrophy is a commonly described feature in CTE; indeed, marked cerebral atrophy, particularly of frontal and temporal regions, is often described. 17, 18, 21, 32, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] In addition, atrophy of the cerebellum, both generalized and focal, has been reported. 31, 56 However, in cases of nonboxing athletes with CTE, regional atrophy has not been described at the same frequency as in boxers, with overt global atrophy being rarer still. 19, 20, [23] [24] [25] 27, 28 With such small numbers and notable case-selection bias, however, the significance of this observation is not yet clear.
Notably, generalized brain atrophy is a well-characterized feature of survival from single TBI (Figure 1 ). At autopsy, however, it is not possible to determine whether this atrophy occurred acutely following trauma or provides evidence of progressive pathology. Recent imag ing studies have begun to address this question, with the results suggesting that marked atrophy can be observed by 6 months post-injury and may progress for many years. [64] [65] [66] [67] [68] Cavum septum and ventricular enlargement One of the most frequent macroscopic observations in autopsy studies in CTE, particularly those involving boxers, is cavum septum pellucidum (CSP). This feature, which was present in 64 of 99 (65%) cases in which it was examined for (Table 1) , is often accompanied by a fenestrated septum, communicating hydrocephalus and, in some instances, complete absence of the septum or its detachment from the fornix or corpus callosum. 17, [19] [20] [21] 24, 25, 29, 31, 32, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] 63, [69] [70] [71] In addition to these autopsy studies, various radiological investigations have confirmed the presence of CSP in vivo in boxers with neuropsychiatric symptoms. 32, 35, 55, 72 However, as CSP can occur as a 'normal' observation in the general population, with estimates ranging from 1-28%, 18, [73] [74] [75] [76] the diagnostic utility of these findings has been questioned. 75, 77 In Corsellis' autopsy-based study in boxers, CSP was reported as both qualitatively distinct from and substantially wider than that in non-boxer controls. 18 By contrast, CSP has not been reported as a feature of survival following a single TBI. The mechanism by which CSP arises remains unclear. One proposal is that it develops as a consequence of cerebral atrophy and ventricular dilation, a frequent observation in boxers with CTE. 17, 18, [52] [53] [54] 56, 57, 60, 61, 63 Alternatively, it may arise as a consequence of repeated transient increases in intracranial pressure, producing both the ventricular dilation and septal changes. 32 Of further note, periventricular midline structures are highly vulnerable to mechanical strain during trauma. [78] [79] [80] [81] Thus, the observed abnormalities in the septum might arise as a result of immediate mechanical injury and, perhaps, persistent degeneration.
Histological features
Tauopathy or tau pathology?
The presence of neurofibrillary tangles (NFTs) is one of the most consistent pathologies reported in CTE, and was even documented in the earliest described case (Figure 2) . 52 Indeed, where sought, NFTs have been observed in at least one brain region in 133 of the 140 autopsy reports of CTE to date, although many of these cases were actually defined as CTE on the basis of this tau pathology. As a consequence, CTE is now commonly referred to as a 'tauopathy' , implying that the primary pathology of CTE is tau-based. However, the pathology of survival from TBI is increasingly recognized to be multifaceted. As such, 'tau pathology' might be a more encompassing and less exclusive descriptor of NFTs after TBI. Of note, in two boxers with CTE, tangles were indistinguishable from those of AD with regard to both isoform ratio and phosphorylation state. 59 Remarkably, these remain the only two cases in the literature on which biochemical analyses were performed.
In Corsellis' description of the pathology of boxers, NFTs were reported to be most abundant in the medial temporal grey matter. 18 By contrast, subsequent observations on NFT distribution in material from both boxers and non-boxers describe a more patchy distribution of pathology, including some cases with relative sparing of the medial temporal lobe, and clusters of NFTs grouped in the neocortex. 21, 22, 27, 82 Furthermore, Geddes et al. described a perivascular accentuation of tangles in several cases 70, 82 -a feature that was later observed by other groups. 21, 22, [25] [26] [27] Of note, these tau-immunoreactive NFTs and neuropil threads seem to show a preferential distribution in the cerebral cortex, involving the superficial neocortical layers and the depths of sulci. This sulcal distribution has been suggested to be pathognomonic of CTE, 83 although examination of CTE cases in parallel with large numbers of non-trauma controls would be required to support this hypothesis. As points of inflection, the sulcal depths may be biomechanically vulnerable to the dynamic forces experienced during trauma, thereby precipitating this pattern of pathology. However, despite numerous studies characterizing pathologies of acute TBI, none has described pathological features in a pattern and distribution reminiscent of the tau pathology in CTE, the biomechanical consequences of TBI instead producing more typically midline to parasagittal pathology (for a review, see Johnson et al. 80 ). Thus, the significance of the distribution of tau pathology in CTE remains unclear.
Recently, a hierarchical distribution of tau pathology in CTE has been proposed, with progression from focal cortical and perivascular clusters of NFTs, often in the frontal lobe (CTE stage I-II pathology), through to high densities of NFTs in widespread cortical areas, medial temporal lobe, deep grey nuclei and brainstem (CTE stage III-IV pathology). 27 Given the comparatively small numbers of cases examined and potential case-selection bias in these autopsy-based studies, with limited data available for clinicopathological correlation, meaningful insight into hierarchical distribution and, in particular, the potential progression of tau pathology in CTE, must remain speculative. These descriptions of NFTs in CTE contrast dramatically with the series describing tau staging in AD, where more-robust clinical information is typically available. 84 While NFTs have long been described in CTE, until recently such pathology following a single TBI was less well-described, with just two individual autopsy case reports describing AD-like neuropathology, including NFTs, in individuals who sustained a single, severe TBI followed by onset of dementia. 85, 86 Notably, studies of autopsy material from patients who died acutely (up to 4 weeks) following a single TBI failed to display NFT pathology beyond that of uninjured controls. 87 By contrast, more-recent observations on non-selected ma terial from 39 survivors of 1 year or more from a single moderate to severe TBI demonstrated NFTs at greater density and in wider distribution in up to 30% of cases when compared with age-matched controls. 88 In this limited number of cases, a hierarchical distribution of NFTs similar to that described in AD was observed. Interestingly, as in CTE, in some cases NFTs were found to be concentrated at the depths of sulci.
Amyloid-β pathologies
The presence of amyloid-β (Aβ) pathology in CTE has emerged as a less consistent feature than tau pathologies. Occasional early studies in boxers described senile plaques, 17, 52 whereas others reported a complete absence of plaques, with some suggesting that this observation may provide the potential to distinguish CTE from AD. 17, 53, 54 In the original Corsellis et al. study, for example, plaques were observed in only five of 15 cases. 18 However, following the advent of Aβ immunohistochemistry, revisitation of Corsellis' original ma terial by Roberts et al. revealed a further seven cases with plaques-often extensive-in immunohistochemically stained sections, which had previously been identified as plaque-negative using routine silver staining (Figure 2) . 57 Of the published autopsy series on CTE to date, a total of 66 (53%) of the 124 cases examined for amyloid pathology describe either diffuse or senile plaques (including the revisited Corsellis cases), with 24 (38%) of the 65 non-boxer athletes in more-recent studies reported as showing plaques of any type. [19] [20] [21] [22] [23] [24] [25] [26] [27] Acknowledged technical issues and conflicting data, how ever, make it difficult to determine the exact num bers of cases with plaques. Furthermore, given that amyloid plaques may be observed in ma terial from 'normal' controls, in particular those greater than 65 years of age, the ability to associate plaques in autopsy-acquired material to a history of trauma demands parallel studies in suitably sized, age-matched control groups. This is a particular issue in existing studies on CTE, which either omit controls entirely or include controls in such small numbers or with sufficient demographic differences to the CTE cases under study as to make them of limited relevance to comparative analysis. Regardless of these limitations, not all reported cases of CTE seem to be plaquepositive. 21 18 The 77-yearold man had participated in over 700 boxing contests during his life and had neuropsychiatric symptoms. Tangles were identified using silver staining (a) and Congo red staining (b). c,d | Neurofibrillary tangles in the parahippocampal gyrus of a 47-year-old man who had sustained a single severe TBI 1 year previously. 88 No history of repetitive TBI was recorded. Tangles were identified using immunohistochemistry (c) and thioflavine S staining (d). Scale bars 100 μm. e,f | Sections of the temporal cortex from a 63-year-old man with dementia pugilistica 57 who had participated in over 300 boxing contests and was originally noted as plaque-negative. 18 Extensive amyloid-β plaques were demonstrated using immunohistochemistry with formic acid pretreatment (e), but not with Congo red (f). With regard to single TBI, amyloid pathologies are perhaps the most extensively researched in the context of potential links with dementia. 90 One of the earliest observations in this respect described Aβ plaques in up to 30% of patients who died in the acute phase following a single moderate to severe TBI, both in autopsy series, where plaque pathology exceeded that seen in age-matched controls, [91] [92] [93] [94] and in surgically acquired ma terial. 93 Typically, these plaques are diffuse in nature, can appear within hours of injury, and are observed across all age groups, including young adults. Until recently, the temporal dynamics of these plaques appearing in the acute phase were unknown. However, in observations on autopsy-acquired material from 39 survivors of 1 year or more from TBI, plaques were observed in considerably greater density and wider distribution in the TBI survivors when compared with age-matched, uninjured controls. 88 Of particular note, whereas acute plaques following TBI are typically diffuse in nature, similar to those seen in early AD, those observed in long-term survivors from single TBI were more frequently fibrillar; that is, similar to those of established AD. 88 As regards the origin of these plaque pathologies following TBI, axonal injury is proposed to have a role, at least in the acute phase. Specifically, diffuse axonal injury (DAI) is an early and frequent event documented in all severities of TBI. [78] [79] [80] These damaged axons are readily identified in tissue sections as morphologically abnormal profiles, ranging from undulating axons to the classically described swollen axonal bulbs or varicosities. 80 Typically, axonal pathology is identified in a stereotypical distribution in the parasagittal white matter and white matter tracts, in and around deep grey nuclei, and in the dorsolateral brainstem. 95 These damaged axons can be revealed in tissue sections via immunocytochemical staining for amyloid precursor protein (APP), which accumulates at points of axonal transport interruption within hours of injury. 96, 97 Interestingly, the enzymes neces sary for Aβ cleavage from APP, including presenilin-1 (PS-1) and β-site APP cleaving enzyme (BACE1), were also observed accumulating in damaged axons along with Aβ itself, first in a large animal model of DAI 98 and subsequently in humans. 99, 100 Consequently, axonal pathology provides a potential means for Aβ genesis following trauma. 90 Axonal pathology has traditionally been regarded as an event limited to the early phase after injury, resolving within weeks of the insult, 101 but more-recent studies have identified ongoing axonal degeneration persisting years and even decades following TBI in some individuals. 81, 100 Whether this process contributes to ongoing amyloid plaque deposition following TBI, however, is unclear.
TAR DNA-binding protein TAR DNA-binding protein (TDP-43) has been identified as the main disease-associated protein in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration, 102 although it is also recognized as a secondary feature in a number of other neurodegenerative diseases, including Huntington disease, AD and Parkinson disease. [103] [104] [105] Recent data indicate that a TDP-43 proteinopathy might also be part of the neuropathological profile following repetitive mild or concussive TBI. Specifically, autopsy studies reported TDP-43 inclusions in multiple brain regions in 61 of 71 cases examined, including in boxers 106, 107 and retired American football or ice hockey players. 22, 27 Again, these are highly selected cases and, therefore, do not provide population-based information regarding a TDP-43 proteinopathy in athletes. Included in these studies were eight patients with clinically diagnosed ALS (two retired professional American football players and one former boxer) in whom the authors reported pathological features of CTE coinciding with TDP-43 pathology, leading to a proposed alternative diagnosis, chronic traumatic encephalomyelopathy (CTEM). 22, 27 Though regarded as a controversial proposition based on these few observations, this remains an intriguing suggestion that undoubtedly merits further study.
Whereas studies in single or repetitive TBI reveal similarities with respect to amyloid and tau pathology between these two situations, the experience in TDP-43 perhaps suggests a difference. Specifically, in observations on cases surviving a single moderate to severe TBI, cytoplasmic aggregations of abnormally phosphorylated TDP-43 were not observed. However, increased cyto plasmic immunoreactivity to phosphorylationindependent-or physiological-TDP-43 was observed in both acute (n = 23) and long-term (n = 39) survivors of single TBI, perhaps suggesting a physiological role for TDP-43 in response to injury. 107 Neuronal loss and the substantia nigra Neuronal loss has been described in the majority of the brains of boxers and non-boxers with CTE. [18] [19] [20] 23, 24, 28, 31, [52] [53] [54] 56, 59, [61] [62] [63] 71, 108 In addition to neuronal dropout in the cerebral cortex, several reports describe specific regions or structures with notable cell loss, including the hippocampus, 18 ,53 locus coeruleus 18, 19, 54, 61, 63, 108 and cerebellum. 18, 19, 23, 24, 31, 52, 53, 56, 71 Varying distributions of cell loss have been described, from widespread and diffuse, to more 'patchy' or selective changes.
Acute and chronic neuron dropout has also been examined in single TBI. With the constellation of pathologies recognized in the acute phase following a single moderate to severe TBI, including hypoxic-ischaemic injury, traumatic axonal injury and inflammation, the discovery of marked neuronal loss in several studies that examined acute-survival material is not surprising. 109, 110 However, growing evidence suggests that neuronal loss continues beyond the immediate acute phase, at least in severely injured patients. In a series of detailed studies in material from patients in the persistent vegetative state included in the Glasgow Traumatic Brain Injury Archive, Maxwell and colleagues demonstrated a continued decrease in neuronal densities in the hippo campus and thalamic nuclei up to 1 year following injury. 110, 111 In addition, active degeneration of neurons via programmed cell death has been observed, even at 1 year following severe injury. 112 
REVIEWS
One structure of particular interest is the substantia nigra, which, in patients with CTE, has frequently been described as 'pale' on gross pathological examination, and as showing depigmentation, NFTs and neuronal dropout on histology, although classic Lewy bodies have rarely been reported (Table 1) . [18] [19] [20] 52, 54, 63 These observations are noteworthy given the incidence of parkinsonian symptoms in the CTE population, 113 and may evoke comparisons with tauopathies that can present with parkinsonism, such as progressive supranuclear palsy (PSP). In contrast to CTE, little is known about the vulnerability of the substantia nigra chronically following single TBI.
White matter degeneration
Information on white matter changes in CTE is limited. A small number of reports provide evidence of gliosis, foci of degeneration and/or rarefaction of white matter. 17, 18, 28, 60 Some have also described regions of patchy loss of myelin staining, 17, 18, 21, 53 while others report an absence of demyelina tion. 54 Notably, recent reports des cribed intraaxonal accumulation of transport-inter rupted proteins as axonal pathology in veterans with associated tau pathology. 26, 27 While interesting, similar axonal pathologies are known to be observed in 'normal' controls, presumably as a consequence of various processes, including agonal hypoxic-ischaemic injury. 81, 114 As such, attribution of pathological relevance to degenerating axons requires careful con sideration, matched control observations and adequately sized series.
As noted above, white matter injury and associated axonal pathology is described following all severities of TBI and has been implicated as a mechanism of rapid Aβ genesis. 90 In 1956, Sabina Strich first noted that white matter degeneration might not be limited to the acute phase post-injury but, rather, may persist chronically. 115 Specifically, by using the Marchi stain to highlight myelin breakdown, evidence in support of active degeneration of white matter tracts was identified in cases of TBI with survival up to 15 months. Using refined techniques, axonal pathology has since been observed even years after a single moderate to severe TBI. 81, 100 Specifically, white matter loss in the corpus callosum parallels axonal degradation, as indicated by APPimmunoreactive profiles. 81 Interestingly, the morphology of degenerating axons differs from that observed acutely, and primarily comprises somewhat granular axonal bulbs. In addition, there is notable pallor in myelin staining, with evidence of cytoplasmic myelin granules in regional microglia, indicating active phagocytosis of myelin fragments (Figure 3) . 100 
Neuroinflammation beyond repair
The role of neuroinflammation in the pathophysiology of neurodegenerative disorders, including AD, is currently attracting considerable attention. [116] [117] [118] Immediately following injury, TBI induces an array of inflammatory responses as a consequence of blood-brain barrier compromise and a complex acute-phase inflammatory cell response, including activation of resident micro glia (reviewed elsewhere 119 ). While this acute inflammatory response is to be anticipated, one might also expect this inflammation to resolve following the acute phase, with the brain returned to the quiescent state awaiting further challenge. However, evidence is accumulating that neuroinflammation persists in a proportion of survivors from single moderate to severe TBI, and in some cases continues for many years. 81, 120 In studies on autopsy-derived material from patients surviving varying intervals following a single TBI, a marked neuroinflammatory response persists in white matter regions such as the corpus callosum, manifesting as amoeboid, activated microglia at markedly higher density than in comparable control, non-injured tissue and associated with thinning of the corpus callosum (Figures 1 and 3) . 81 These observations on autopsy-acquired tissue are supported by in vivo imaging studies, using the PET ligand PK-11195, in survivors of TBI. In these studies, persistent increased binding was observed in patients with survivals ranging from 11 months to 17 years following injury. 121 Though limited in both charac terization and number of reports, inflammation has been observed in CTE; 17, 18, 60, 122 however, formal assessment is lacking to date.
Whether the observed inflammation following TBI occurs as a response to coincident pathologies, such as ongoing axonal degradation, amyloid pathology and/or NFTs, or, alternatively, is driving these pathologies, remains unknown. Indeed, chronic dysregulation of inflammation has been suggested to underlie the neurodegenerative pathologies of both single and repetitive TBI. 82, 123 Further work to elucidate this pathology will be critical to our understanding of long-term outcomes of TBI and, perhaps, may serve as a target for intervention with a long window of therapeutic opportunity.
Cerebellar pathology
Changes in the cerebellum are noteworthy, given the prevalence of cerebellar symptoms in patients with CTE. As noted, loss of cerebellar neurons, including granule cells and Purkinje cells, has been described. 18, 20, 23, 24, 52, 71 In addition, scarring and gliosis of the cerebellum, particularly affecting the tonsilar region, have been observed; 17, 18, 23, 24, 31, 69 these features are suggested to originate from impingement against the foramen magnum, as occurs in herniation. 18 Atrophy and demyelination of the folial white matter have also been noted in CTE. 18, 31, 56 Challenges to research
In 1969, a workshop of international experts from multiple disciplines associated with TBI took place in Washington to discuss the "Late Effects of Head Injury". 124 During this workshop, it was recognized that in order to gain adequate insight into the pathophysiology of survival from TBI, concerted efforts directed towards better understanding of the human pathology of TBI, both in the acute setting and with survival, were required. One outcome of this workshop was a call for the establishment of brain banks specifically dedicated to studies in TBI. Over four decades later, the Glasgow Traumatic Brain Injury Archive remains the only comprehensive archive of human brain tissue accrued with the express intent to facilitate studies in TBI over a range of mechanisms, ages and survivals. Encouragingly, with recent widespread attention on neurodegeneration following TBI, further TBI dedicated banks have emerged, such as the growing archive of material directed towards studies of CTE housed in the Center for the Study of Chronic Traumatic Encephalopathy at Boston University, MA, USA. 125 Nonetheless, much of our current understanding of the pathology of survival from TBI, in particular the association with neurodegenerative disease, derives from remarkably few studies in suitably sized TBI cohorts matched to uninjured, control material, or from small, uncontrolled cohorts or descriptive accounts of individual cases-a stark contrast to studies evaluating the neuropathology of other neurodegenerative disorders, such as AD. 84, 126, 127 Undoubtedly, therefore, a pressing need exists for initiatives to expand the current established resources and expertise and to establish further archives of suitably characterized human tissue to advance the field. In particular, material linked to prospectively accrued clinical information will be invaluable. Finally, these precious resources must be openly accessible to suitably designed, international collaborative research to ma ximize their utility.
Conclusions
Considerable epidemiological evidence supports TBI as a risk factor for the development of dementia. Furthermore, the available data indicate a possible dose and incidence association between TBI and outcome, with the risk increasing following single severe injury versus single moderate injury, and following high-exposure, repetitive mild or concussive injury. According to current autopsy studies, survival from repetitive mild or single moderate to severe TBI is associated with a range of pathologies, best considered as 'polypathology' , and including tau and Aβ abnormalities, neuro inflammation, white matter degeneration, and neuronal loss. However, the comparatively small numbers of observations in the literature preclude formal characterization of both the clinical syndromes and the pathology of TBI-associated neurodegeneration. As such, robust diagnostic criteria permitting confident differentiation from other, bettercharacterized neuro degenerative syndromes remain elusive. Indeed, owing to the lack of large-scale controlled studies, our understanding of the pathology of CTE has advanced little since the landmark study by Corsellis et al. in 1973. 18 Furthermore, at least some pathological features are common to survival from single and repetitive TBI, raising the possibility that they represent manifestations along a spectrum of common pathology, perhaps with a phenotype influenced by severity and frequency of exposure (see hypothesis outlined in Figure 4) . In the absence of a history of TBI, many of these same pathologies, such as amyloid-β plaque or neuroinflammatory pathology, may accumulate as a consequence of 'normal' ageing (black line), with the accumulated pathologies eventually crossing a threshold where clinical symptoms are apparent. Following a single moderate to severe TBI, evidence to date supports an initial spike in pathology immediately after the event, which subsequently resolves. However, it is intriguing to speculate that, in a proportion of patients, there is incomplete resolution of this acute-phase response, with subsequent accelerated accumulation of pathology, leading to the threshold for clinical symptoms being crossed at an earlier age (red line). Similarly, each successive mild TBI may lead to acute pathology, again followed by partial resolution, but ultimately triggering accelerated accumulation of pathology, leading to earlier-onset symptomatology (blue line). Abbreviation: TBI, traumatic brain injury.
from contact sports other than boxing, and also in military personnel, there has been remarkable public interest in this field. However, considerable work needs to be done to clearly define CTE as a disease entity both pathologically and clinically. Moreover, risk factors for developing these pathologies, such as mechanism, frequency and severity of injury, as well as age, sex, and potential genetic predisposition, remain largely unknown. Undoubtedly, establishment of large-scale, dedicated and networked tissue banks and a movement towards prospective studies will be important to advance our understanding of TBI-associated neurodegeneration and, in turn, targeted developments in therapy.
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